In satellite communication systems, there are high power multichannel transmitters and wideband receivers that have shared RF antenna transmission lines because of: 1) large power level difference between the transmitted and received signal; 2) limited frequency channels. The harmonics and Passive Intermodulation (PIM) Interference will be generated due to passive non-linearities in the high power transmission path. This can be a serious problem. This paper describes how to determine the signal levels and dominant mechanisms that are associated with non-linear dielectric behavior in this context. A novel measurement system for testing dielectric samples is described and measurement results are provided for commonly used microwave dielectrics.
Introduction
Passive Intermodulation, PIM, is a form of intermodulation distortion that can occur even when no active components are present. PIM can occur in a variety of areas from coaxial connectors to cables, even rusty bolts or any joint where dissimilar metals occur [1] . Although harmonics generation is a ubiquities phenomenon, very little is known of the underlying causative mechanisms, relating to either conductors or dielectrics. There are a large number of candidate mechanisms and it is likely that several may contribute at any given site of occurrence. There currently exists no data on the levels of the harmonics to be expected from commonly used dielectric materials nor have any studies identified the dominant mechanisms. As greater demand is placed under system performance, it is becoming increasingly difficult to provide adequate harmonic generation immunity in the absence of data. The purpose of this work is to provide an improved understanding of causes and effects of the non-linearity of dielectrics leading to improvements in RF system design. The specific objectives are as follows:
• To design and develop a measurement system whereby the non-linear behavior of dielectric materials under test can be measured.
• To characterize the non-linear behavior of dielectrics in common use in microwave RF engineering, such as PTFE and Polystyrene.
The Measurement System
The measurement system is a new design of harmonic detector, implemented in coaxial components. The system is designed for 1.56 GHz to detect the 3 rd harmonic at 4.68 GHz, due to any significant non-linear behavior of dielectric test samples. Dielectric samples are tested in a coaxial cavity, where they are exposed to a high uniform electric field. Because the level of system residual 3 rd harmonic must be kept to minimum, all components are in-house designs in which metal-to-metal junctions are absent from critical sections in the current path. Important features are the use of contactless cable entry for critical components and fully demountable contactless coaxial connectors on test cavity.
System Configuration
A block diagram of the 3 rd harmonic measurement setup is given in Figure 1 . A source signal of 1.56 GHz, originated from a phase locked oscillator, is amplified by a separate power amplifier to give an output power up to 49 dBm (80 Watts).
The source signal passes through a diplexer using two hybrids and two low pass filters and hence to the input port of the test cavity. The low pass filters pass only the signal at the source frequency and attenuate any harmonics which may be generated in the oscillator or in the power amplifier. The diplexer provides a test signal to the cavity and couples the 3 rd harmonic which may be generated in the test chamber due to any non-linear behavior of the sample under test.
This consists of a high pass filter which attenuates the source frequency and passes the 3 rd harmonic to the input port of the analyzer. Source signal power is absorbed in a quiet load. This consists of two semi rigid coaxial cables, UT250 with length 45 m, followed by UT-141 with length 20 m, terminated by a lumped load. The total one way attenuation for the quiet load is 30 dB.
The test chamber is a tunable quarter-wave coaxial cavity resonator which satisfies the following requirements: • Flexibility to accommodate and exchange test samples.
• The test samples can be tested under controlled conditions.
• Good matching between input and output ports. This is important since the system residual can be degraded by current standing waves.
• Good linearity is essential. If the test chamber construction includes non-linear materials or vulnerable junctions, consequently the system residual intermodulation will be increased, and this will mask the intermodulation signal produced by the test samples, which affect the dynamic range of the measurement system. • A high uniform field at the position of the test sample.
The test cavity is machined in brass and is shown in Figure 2 . It incorporates contactless connection at cable entry, one piece body/resonator constriction and a contactless plunger to control the gap capacitance. Past experience in the design of low passive intermodulation coaxial components has shown that these features are important in achieving a low residual. The test field is determined from measurement of the cavity Q factor and the source signal power, given the cavity geometry. The cavity loaded Q is in the region of 130.
The System Performance
The electrical performance of the system has been tested using network analyzer. Figure 3 shows the transmission of the source signal and absolute attenuation for the harmonics at the output of the test chamber. Figure 4 shows the absolute attenuation for the source signal and transmission of the 3 rd harmonic at the output of the high pass filter.
The system noise flour is −125 dBm and the 3 rd order residual is −115 dBm at a source signal power of 32 W and increases at 3 dB rate. It should be noted that these figures should be related to the field in the test cavity, rather than the source power, as in a conventional two tone system.
Dielectric Non-Linear Mechanisms
The candidate non-linear mechanisms which may reasonably be suspected as significant causes of dielectric harmonics generation are considered to be non-linear permittivity, electrostriction and temperature coefficient of permittivity. Many potential causes of harmonics generation arise from intersection of two or more linear mechanisms which may give rise to multi-order non-linear behavior. This results in a bewildering number of possible combinations. An outline theoretical analysis is provided for candidate mechanisms and their relative importance is estimated based on theoretical considerations.
Non-Linear Permittivity
The linear relationship between Polarization, P, and electric field strength, E, in dielectrics is expressed by:
where γ is the susceptibility and 0 ε is the permittivity of free space [2] - [4] .
The value for the field at which deviation from linearity becomes apparent is given as around 1000 v/mm [5] . This implies high, but not unreasonable, current densities in the dielectric at microwave frequencies. The nonlinear polarization may be modeled as power series of susceptibility terms. Only odd powers will be present for dielectrics which do not exhibit spontaneous polarization, since a polarity reversal in the electric field reverses the direction of polarization but does not alter its intensity. The 1 st non-linear term to become significant is cubic in the electric field:
where ℵ is the 3 rd order susceptibility coefficient. This gives rise to a current term that is also proportional to the cube of the electric field and the 3 rd order intermodulation products will be generated. Alternatively, if this behavior is expressed as a non-linear relative permittivity r ε , so that
For dielectric materials which exhibit spontaneous polarization, deviations from linear behavior may become apparent at much lower field strengths and both odd and even powers are possible. Stauss G.H. [5] dismiss non-linear permittivity as a source of harmonics generation in dielectrics on the grounds that it is less significant than the indirect modulation of permittivity by means of electrostriction it should be noted; however, that the examples given are good non-polar dielectrics such as Teflon which are selected for their desirable properties as insulators at radio frequencies and are of high purity. Thus only electronic polarization contributes to the relative permittivity and these materials are not representative of dielectrics in general. Ionization loss occurs in solids which contain trapped gas. It only occurs when the electric field strength exceeds a critical value, above which the loss tangent rises rapidly with any increase in the field. Thus the imaginary component of the complex permittivity becomes non-linear and intermodulation components could appear in the conduction current. The increased power dissipation can also result in significant greater heating of the dielectric.
Temperature Coefficient of Permittivity
The permittivity of dielectrics which only exhibits electronic polarization typically have small negative temperature coefficient of around 0.01% C −1 . This is primarily due to the reduction of density as the material expands. The same effect also tends to reduce atomic polarization; but for many materials this is more than compensated by the reduced inter-atomic forces in a less dense medium. This results in a positive temperature coefficient of typically 0.01% C −1 . There are exceptions to this: Titanium dioxide, for example, has negative temperature coefficient of permittivity at room temperature. As these forms of polarization result in very small dielectric losses at microwave frequencies, they do not contribute significantly to loss tangent [6] - [8] .
Orientational polarization and ionic relaxation polarization also generally make a positive contribution to the temperature coefficient permittivity. In some materials, orientational polarization that can exhibit much larger positive and negative temperature coefficients over a certain ranges is often associated with the melting point, but may begin at lower temperature while the material is still a solid. Ionic relaxation polarization exhibits an approximately exponential increase in the loss tangent with temperature. For orientation polarization, lose tangent typically rises to a maximum (at a temperature which depends on the frequency) and thin falls, before rising again as the increase in conductivity with temperature becomes significant.
Interfacial polarization is likely to be strongly influenced by temperature since it relies on the presence of free charges, but the nature of this effect will depend on the particular materials involved. In dielectrics which do not exhibit interfacial polarization, (typically exponential) increase in carrier density and conductivity with temperature is responsible for positive contribution to the overall temperature coefficient of the loss tangent. This is more significant for those materials which are poor insulators and at high temperatures. It has less effect on the loss tangent at higher frequencies, where a greater proportion of the current is conveyed by polarization mechanisms.
Electrostriction
Electrostriction is the volume change due to the variation of energy density in a dielectric under RF excitation. The change in volume causes a quadratic dependence of permittivity upon the electric field. Resulting permittivity variations at the fundamental and harmonics of the input frequency modulate the primary fields leading to the generation of harmonics.
If the high field polarization is non-linear in the field strength, the dependence of the dielectric displacement, D, on the field strength will also be non-linear [9] . 
The non-linear effect is then characterized by the quantity 2 E ε ∆ resonator rod and the top wall of the cavity as shown in Figure 1 . Samples consist of 1 mm thick discs, lightly held in place, i.e. under constant pressure (p). The variation of the dielectric permittivity is given by:
where, T, d denote to the temperature and density of the sample under test. The first term of Equation (6) is the contribution to E ε due to the electrostriction; denoting this term by
Thus, the magnitude of the contribution to dielectric permittivity due to electrostriction can be calculated from the bulk modulus (k) and the dependence of the permittivity on either the density or the pressure.
Intermodulation powers developed by this mechanism vary in inverse proportion to the square of the bulk modulus of the dielectric. The modulus, k, is related to the elasticity modulus and Poission's ratio by the following equation [10] .
Where E s = elasticity modules, and v = Poission's ratio. There is an associated thermal effect so that the volume change can also result in temperature variation. Electrostriction is expected to be the principal source of non-linearity in good non-polar dielectrics such as PTFE and cross-linked polystyrene because the bulk modules of these materials are very small.
Results Analysis and Discussion
Any variation in dielectric properties with the applied field will serve to modulate in coming signal currents. The 3 rd harmonic intermodulation level generated due to the non-linear mechanisms of the dielectric sample under test, and excited by a uniform field that can be derived based on power series as follows [11] .
( )
where α, β are coefficients of non-linear dielectric behavior. 
Hence the 3 rd harmonic transfer function is given by: 3  5  3  4  16  3  5  20 log  20 log  4  4 8
The value of α determines the level of non-linearity of each dielectric material and will vary from one material to another according to the operative mechanism. The main contribution of this paper is the experimental results shown in Figure 5 and Table 1 , which show non-linearity become significant in Nylon-66 at 700 V/mm and polythene at 2000 V/mm respectively. Hence, non-linear permittivity is the likely mechanism. The polystyrene shows a much better performance and the most linear material is PTFE. Hence, electrostriction is expected to be the main source of non-linearity. Good non-polar materials (such as PTFE, AL(AL 2 O 2 )) need much higher powers to excite significant non-linearity.
Conclusion
These results demonstrate that care is needed in the use of dielectrics in any high field environment where 3 rd harmonic must kept to minimum. No measurements have been made on futile loaded materials, but these can be expected to demonstrate significant non-linearity due to non-linear permittivity. It must also be appreciated that any trace of moisture will cause similar behavior. This can be due to moisture absorption, which occurs to a varying extent, in most engineering dielectrics. Sample impurity is a farther factor and can cause significant degradation particularly where good performance is important. 
Future Work
The rest of the common used Dielectric materials (such as, PTFE, AL 2 O 2 , etc.) need to be tested by using different technique and/or different design for the measurement system to be able to detect the nonlinear behavior.
